Two murine monoclonal antibodies (JEL 92 and 93) specific for adjacent epitopes on F pilin were purified and characterized. JEL 93 immunoglobulin G (IgG) and its Fab fragments were specific for the amino-terminal region and were completely reactive with a synthetic peptide representing the first eight amino acids of F pilin. The acetyl group was demonstrated to be an important part of the epitope, since an unacetylated version of the amino-terminal peptide was 100-fold less reactive with JEL 93 IgG. JEL 92 IgG reacted with the region of F pilin surrounding Met-9, represented by a tryptic peptide derived from the first 17 amino acids. This reactivity was completely abolished by cleavage of the peptide with cyanogen bromide. As shown by electron microscopy, both monoclonal antibodies bound to a vesiclelike structure at one end of purified free pili and did not bind to the sides of the pili, nor did they appear to bind to the tip. When sonication was used to break pili into shorter fragments, the number of binding sites for JEL 92 but not JEL 93 IgG increased as measured by a competitive enzyme-linked immunosorbent assay.
Recently, the sequence of the subunit in F pili, pilin, has been published (10) . The amino acid sequence was deduced from the DNA sequence of the pilin gene, traA, which is found near the beginning of a 36-kilobase (kb) transfer region on the conjugative plasmid F (IncF1) (15) . This region encodes the gene products required for DNA metabolism during bacterial conjugation and directs the synthesis and assembly of the F pilus, a prerequisite for establishing cell-to-cell contact during this process (23) .
In addition to their role in recognizing a competent recipient cell during conjugation (2) , pili are thought to recognize the outer membrane protein expressed by the traT gene of plasmids carrying a related surface exclusion system (1, 14, 22) which blocks redundant mating between donor cells. They are also the sites of attachment for pilus-specific bacteriophages (6, 7, 18) .
The principal antigenic determinant of all conjugative pili studied to date resides at the amino terminus of the pilin subunit (8, 9, 26) . This paper describes two monoclonal antibodies (MCAs) which recognize adjacent epitopes in the amino-terminal region of F pilin and shows that the amino terminus of pilin is not exposed laterally on an intact pilus but is exposed in "terminal knobs" (5, 11) , which are found at the base of free pili and presumably represent unassembled pilin subunits. The amino terminus may also be exposed at the pilus tip in intact pili, providing the basis of the mechanism for pilus type-specific interactions with a variety of biological macromolecules (22) .
MATERIALS AND METHODS
Preparation of F-specific MCAs. One BALB/c mouse was immunized with 50 pLg of F pili purified from Escherichia coli pED851 as previously described (10) and emulsified in complete Freund adjuvant. Ten days later, a second injection was given in incomplete adjuvant. After 3 days the spleen was removed, and the splenocytes were stimulated * Corresponding author.
for 24 h with 20 pLg of lipopolysaccharide (LPS; E. coli serotype 0.26:B6; Sigma Chemical Co., St. Louis, Mo.) per ml before fusion with myeloma MOPC 315.43 cells as described previously (13) . A total of 500 hybridomas were recovered, of which 10 were initially positive as judged by a solid-phase radioimmunoassay. Two of these (JEL 92 and 93), which continued to secrete antibodies specific for F pili, were successfully cloned by limiting dilution.
Gram quantities of both antibodies were prepared from ascites fluid, and an initial purification was performed by gel exclusion chromatography on Sephacryl S-200 as described previously (12) .
Preparation of IgG and Fab fragments. Purified monoclonal immunoglobulin G (IgG) was prepared by affinity chromatography on a protein A-Sepharose column (Pharmacia, Uppsala, Sweden) as previously described (26) . The IgG was eluted with 1 M acetic acid and dialyzed against phosphatebuffered saline (PBS). The concentration of antibodies was determined by absorbance at 280 nm by using the relationship 1 mg/ml= 1.5 A280, molecular weight (MW) = 1.5 x 10' for IgG antibodies where JEL 92 = 1.4 nmol/ml and JEL 93 = 1.6 nmol/ml.
The Fab fragments of JEL 93 antibodies were prepared by papain digestion as previously described (25) . The preparation was examined for anti-F pilus activity in an enzymelinked immunosorbent assay (ELISA) (20, 26) Purification of F pili and pilin. The purification procedure for F pili and its conversion to the monomer, pilin, has been described previously (3, 10) .
Proteolytic and chemical cleavage of F piln. The digestion of F pilin with trypsin and subsequent isolation of the soluble peptides has been described, as has the cleavage of the amino-terminal tryptic peptide with cyanogen bromide (8) . The peptides were analyzed for quantity and purity by amnino acid analysis and were lyophilized and redissolved in PBS-T-BSA to a concentration of 20 ,umol/ml for use in a competitive ELISA. Synthesis of the amino-terminal octapeptide of F pilin. The synthesis and purification of the peptide of sequence Ac-AlaGly-Ser-Ser-Gly-Gln-Asp-Leu-COOH, Ac-F(1-8), the corresponding unacetylated peptide NH2-F(1-8), and the peptide representing the amino terminus of ColB2 pilin [Ac-Ala-GlnGly-Gln-Asp-Leu-COOH; i.e., Ac-ColB2(1-6)] has been described previously (8, 25) .
Electron microscopy ofF pili with JEL 92 and 93 antibodies. Purified pili preparations (20 ,ug/ml) were allowed to adhere to a copper grid carrying a hydrophilic carbon film. The grids were then washed with PBS containing 1% BSA and incubated at room temperature with a 1/10 to 1/50 dilution of JEL 92 or 93 IgG antibodies in PBS. After a subsequent wash with PBS, the pili-antibody complexes were stained with 1% sodium phosphotungstate, pH 7.0. Alternatively, the grids carrying pili-IgG complexes were incubated for 2 h in a 1/50 dilution of protein A-gold (in PBS, pH 5.0), prepared by the method of Roth et al. (19) and kindly donated by Lynne Elmes, Department of Biochemistry, University of Alberta, Edmonton. The grids were washed and stained as above and examined in a Philips EM420 operated at 100 kV.
RESULTS
Preparation and characterization of JEL 92 and JEL 93 MCAs. Two MCAs specific for F pili were prepared and purified as described in Materials and Methods. They were named JEL 92 and JEL 93 and were found to be isotype IgG3 and IgGl, respectively, as determined by microimmunodiffusion against antisera specific for various IgG and IgM isotypes.
With the direct ELISA, JEL 92 and 93 were assayed for reactivity against three types of conjugative pili; F, ColB2, and pED208, which are encoded by IncF plasmids of different serotypes (data not shown). Each serotype is specified by a unique antigenic determinant at the amino termini of the pilin proteins (8, 26) . A microtiter plate containing 20 pLg of each pilus type per ml plus successive twofold dilutions of each was assayed with suitably diluted JEL 92 (1/500) and JEL 93 (1/1,000) IgG. JEL 92 was found to react equally well with both F and ColB2 pili, which are identical except for their unique amino-terminal sequences. JEL 93 only reacted with F pili, suggesting that this MCA recognized the F pilin amino-terminal epitope. Neither MCA reacted with pED208 pilin, which shares limited homology with F and ColB2 pilin (B. Finlay, personal communication).
Since it was possible that the MCAs were directed against a highly immunogenic contaminant in the pilus preparations, 5 ,ug of purified F pili was electrophoresed on an SDSpolyacrylamide gel and transferred to nitrocellulose as described previously (26) . An immunoblot was then prepared by incubating the nitrocellulose with a 1/10 dilution of either monoclonal IgG, and the specifically bound antibodies were detected with 125I-labeled protein A (New England Nuclear Corp., Boston, Mass.). Both antibodies reacted with a band corresponding to pilin in MW (data not shown).
The MCAs were also tested for reactivity against LPS, which is a common contaminant in F pilus preparations (4) and runs on an SDS-polyacrylamide gel at approximately the same position as pilin. Neither MCA reacted in a direct ELISA with LPS (1 mg/ml) isolated from E. coli JE2571, the strain used in preparing the purified F pili. From these results we concluded that JEL 92 and 93 were specific for F-like pili.
Antigenic determinant for JEL 93. It was shown previously that the immunodominant region of conjugative pilin is found at the amino terminus of the mature pilin subunit (8, 9, 26) and that this corresponds to the various serogroups of F-like conjugative pili (9, 11, 22) . Furthermore, polyclonal antisera react with small synthetic peptides corresponding to the amino-terminal region of pED208 (26), F, and ColB2 pilin (7) . A synthetic peptide corresponding to the first eight amino acid residues in F pilin, Ac-F(1-8) (Ac-Ala-Gly-SerSer-Gly-Gln-Asp-Leu-COOH), was tested in a competitive ELISA with both purified JEL 92 and 93 IgG as described in Materials and Methods. Successive 1:2 dilutions of peptide (25 nmol/ml) or F pili (2 nmoUml) were reacted with appropriately diluted purified IgG (JEL 92, 1/1,000 dilution, 6.7 pmollml; JEL 93, 1/1,000 dilution, 5.7 pmoUml). Free antibody was assayed by adding the reaction mixtures to a microtiter plate previously coated with F pili (2 ,ug/ml) which had been washed and drained. The results are expressed as percent inhibition compared with an uncompeted control and are shown in Fig. 1 These values perhaps reflect differing concentrations and presentation of the epitopes on the pili in the ELISA as well as the affinities of the MCAs for pili. Only JEL 93 reacted with the F pilus amino-terminal peptide Ac-F(1-8), while JEL 92 was completely negative (data not shown). Neither MCA reacted with a synthetic peptide containing the first six amino acids of ColB2 pilin, Ac-ColB2(1-6) (Ac-Ala-Gln-GlyGln-Asp-Leu-COOH) (8) . Thus, JEL 93 is specific for the major antigenic determinant of F pilin, the amino-terminal region containing Ac-F (1-8) .
A peptide corresponding to the unacetylated version of the amino-terminal peptide [NH2-F(1-8)] was also tested in a competitive ELISA with JEL 93 IgG and was found to be approximately 100-fold less reactive ('50 = 500 nmol/ml) than with the acetylated form Ac-F(1-8) (I50 = 4 nmol/ml) (Fig. 1) .
Characterizing the antigenic determinant for JEL 92. F pilin (500 nmol) was digested with tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin (enzyme/substrate ratio, 1:50), and the four soluble peptides were separated into three peaks on a Biogel P4 column (Biorad Laboratories, Richmond, Calif.) with 0.05 M NH4HCO3 as a buffer as previously described (8) . The amount of each peptide was determined by amino acid analysis, and an appropriate amount of each peptide was lyophilized and suspended in 300 ,ul of PBS-T-BSA (20 nmot/ml, final concentration) and assayed for reactivity with JEL 92 and 93 purified IgG in a competitive ELISA. Both MCAs reacted with the 17-residue peptide Ac-F(1-17) alone derived from the amino terminus of F pilin (Ac-Ala-Gly-Ser-Ser-Gly-Gln-Asp-Leu-Metg-Ala-SerGly-Asn-Thr-Thr-Val-Lys-COOH) (Fig. 2) . JEL 93 reacted to a level of 100% with this peptide (I50 = 1.0 nmol/ml), and the resultant curve was parallel to that for Ac-F(1-8) in Fig.   1 (data not shown). JEL 92 reacted to a level of 48 to 50% with the concentration of peptide provided, suggesting that Ac-F(1-17) has undergone an alteration in conformation or constitutes only part of the epitope for JEL 92. No other soluble peptides reacted with either MCA.
Predictions for the secondary structure of F pilin (18) suggest the presence of a reverse turn or beta bend centered at Met-9 could be important in the formation of the entire determinant. Cleaving the peptide Ac-F(1-17) with cyanogen bromide would yield two smaller peptides, Ac-F(1-9) and F(10-17), in which Met-9 is converted to homoserine. This treatment would be expected to destroy the antigenicity of the peptide for JEL 92 if the region surrounding Met-9 constituted the epitope for this MCA. The resultant peptide, Ac-F(1-9), which contains the amino-terminal sequence, would be expected to react with JEL 93.
The reaction of Ac-F(1-17) with CNBr was monitored by assaying for the conversion of methionine to homoserine by amino acid analysis and by the change in mobility of the peptide as visualized by thin-layer electrophoresis as described previously (3). The resultant mixture of two peptides was tested in a competitive ELISA with JEL 92 and 93 IgG was described above. JEL 93 retained reactivity with the peptide mixture, while JEL 92 showed no reactivity with the peptide mixture at concentrations up to 20 nmol/ml (Fig. 2) . Ac-F(1-17) is important in antigen-antibody recognition agrees with the strong prediction for a reverse beta turn centered at Met-9. Presumably, tryptic digestion of pilin (which is as reactive as whole pili in a competitive ELISA and does not appear to be affected by denaturation with SDS; unpublished results) releases the amino-terminal peptide from the conformational constraints imposed in the native protein, resulting in incomplete reactivity with JEL 92 antibodies at the concentration of peptide employed. Alternatively, tryptic digestion could result in the partial destruction of the antigenic determinant if residues beyond Lys-17 are required for the complete epitope.
Characterization of JEL 93 Fab fragments. The interaction of IgG molecules with F pili is a complex event, since IgG is a divalent moiety and pili, with many repeating subunits, are polyvalent. To assign a binding constant for JEL 93 antibodies, the monovalent Fab fragments of purified JEL 93 IgG were prepared as described in Materials and Methods, and the binding constant for the Fab fragment with the synthetic peptide Ac-F(1-8) was measured.
Digestion of JEL 93 IgG with papain resulted in the production of two classes of Fab fragments which could be distinguished by IEF on polyacrylamide gels (see Materials and Methods). These two Fab fragments, Fabl and Fab2, were separated by ion exchange chromatography on a DEAE-cellulose column, indicating that their microheterogeneity involved a considerable difference in charge. Fab2 was the predominant species. Both Fab fragments had identical affinity for F pili and Ac-F(1-8), as shown in Fig. 3 . According to Nieto et al. (17) , an apparent affinity constant can be calculated from the reciprocal concentration of free peptide required for 50% inhibition of binding of antibody to Electron microscopy of F pili with JEL 92 and 93 antibodies. Samples for electron microscopy were prepared as described in Materials and Methods, and the results are shown in Fig.  4 . The antibodies bound to "knobs" at the base of the pilus but not to the sides of the pilus, as seen in Fig. 4A and B. The antibodies coated the surface of the knob in the presence but not in the absence of antibody (5, 11). An excess of antibody was used to saturate the antibody-binding sites on the pili.
The excess antibodies were clearly visible in the background. Protein A-gold, which has a low affinity for murine antibodies, nevertheless bound weakly to the IgG molecules on the surface of the knobs, indicating that these were indeed antibodies ( Fig. 4C and D) . Electron micrographs of pili treated with control antisera indicated that there were no antibodies nonspecifically bound to the pili. Piliated whole cells were also treated with the monoclonal IgGs, but no reaction on the surface of the pili or the cell could be observed (data not shown). This suggested that the knob structure was not exposed on the cell surface under the conditions used to prepare electron microscopy specimens.
These knobs are thought to be at the base of the pilus, since fl filamentous phage (3) , which bind at the tip of F-like pili, were found to bind to the end of free pili distal to these knobs (5). The rare occasion on which antibodies were visualized at the tip of the pilus could also be interpreted as coincidental juxtaposition.
Effect of sonication on exposing antibody-binding sites. Sonication of pili preparations was more efficient in reducing the length of pili than other shearing methods, such as blending or passing the pili through a syringe. Sonication resulted in the production of short segments of pili as assayed by electron microscopy, and there did not appear to be a higher number of knobs after sonication. A competitive ELISA was performed with either JEL 92 or 93 IgG and 2 nmol of purified pili per ml that had been sonicated for 0, 5, 10, or 15 min. Sonication did not affect the number of binding sites for JEL 93, the MCA specific for the amino terminus of pilin, whereas the number of binding sites for JEL 92 increased as the time of sonication increased. This suggests that the concentration of exposed amino termini remains constant while more sites for the JEL 92 MCA are exposed by breaking the pili (Fig. 5) .
DISCUSSION
Two murine MCAs specific for F pili have been isolated and described, and their antigenic determinants are summarized in Fig. 6 . JEL 92 is specific for a region thought to contain a beta turn centered at Met-9 of F pilin. It was found to react with other F-like pili that conserved this sequence, such as ColB2 and Rl-19, but did not react with pili that had an altered sequence in this region (R100-1) (9). JEL 93 was found to be specific for the amino terminus of F pilin and was JEL 92 and 93 MCAs were found to bind to spherical structures (knobs) at the base of free pili (5, 11) . These structures could represent unravelled pilin and could mimic the process of pilus assembly and disassembly in the cell membrane. A constant amount of lipid is found associated with purified pili (3 mol/mol of pilin) (4) and could be implicated in the formation of these terminal structures. These studies do show that the major antigenic determinant of F pili, the amino terminus, is not exposed on the sides of the pilus and probably does not play a role in the attachment of RNA-containing bacteriophages, which are known to bind laterally to the pilus (18) .
Recently, the sequences of a number of F-like pilins have
Ac-Ala-Gly-Ser er\GlyGlAsp Ac-A la-Gl1y-Ser-Ser-Gi1 y-Gl1 n been determined (9) , and the major changes in pilin sequences were found to occur in the amino-terminal region. The various pili that have been classified into pilus types (22) on the basis of serology (9, 11, 22) and patterns of phage sensitivity (18, 22, 25) maintain these groupings on the basis of their amino-terminal pilin sequences. Furthermore, these pilus types correspond for the most part with surface exclusion type (22) , which is a mechanism to prevent redundant conjugation between donor cells. While the mechanism of surface exclusion remains in question (1), one model proposes that this process is initiated by the interaction of the pilus tip with the surface exclusion protein, TraTp, which is situated in the outer membrane of donor cells (16, 21, 22) . The specificity of this interaction could involve the typespecific amino-terminal sequence exposed at the tip of the pilus recognizing the correct traT protein, thereby blocking mating pair formation. In the pED208 system, antisera raised against a synthetic peptide representing the amino-terminal sequence of pED208 pilin was used to obtain electron micrographs of antibody-pilus complexes labeled with protein A-gold (23) . These showed that the amino-terminal sequence was again exposed on the surface of knobs at the base of pED208 pili.
Occasionally, a pilus tip was labeled with an antibodyprotein A-gold complex, suggesting that the amino-terminal sequence was exposed at the tip of these pili. However, care must be taken in interpreting this result since pED208 and F pili aggregate with their tips associated with the basal knob at the end of another pilus, and it is difficult to discern whether these pilus tips are free of knob material. This also decreases the concentration of free tips for binding antibody. The inability of the protein A-gold technique to detect monoclonal antibodies at the tip of F pili with any frequency could be due to the low number of true F pilus tips available because of their association with the knobs of other pili. Also, only a small portion of MCAs appear to bind protein A-gold complexes (compare Fig. 4A and B with Fig. 4C and  D) , further decreasing the chance of a complex occuring at the tip in the face of the more numerous sites on the knobs.
Sonicating pili had the surprising effect of increasing the number of antibody-binding sites for JEL 92 but not for JEL 93. This suggests that the concentration of the aminoterminal epitope (residues 1 through 8) for JEL 93 remains constant while the concentration of the epitope for JEL 92 (residues 7 through 12) increases when the pilus is broken. If the amino terminus of pilin was only exposed in a tip-specific structure or on the surface of knobs, the concentration of epitope reacting with JEL 93 would be expected to be unaffected by sonication. These results imply that the epitope for JEL 92 antibodies is exposed at the ends of broken pili; however, these antibodies were not found any more frequently at the tips of pili than were JEL 93 IgG antibodies when examined by electron microscopy.
Attempts to block fl phage binding with JEL 92 or 93 IgG were inconclusive. Also, incubating fl phage with the peptide Ac-F(1-8) prior to infecting F+ cells was unsuccessful in blocking infection (unpublished results). Similarly, attempts to block mating with the MCAs were difficult to interpret. JEL 93 antibodies at concentrations of >20 ,ug/ml blocked mating by 50%, as did polyclonal anti-F pilus antiserum, while JEL 92 antibodies had no effect. This small effect could be attributed to interference with the pilus outgrowth and retraction mechanism (for instance) rather than an inhibition of recipient cell-donor cell interaction. Alternatively, the affinity of a donor cell for a recipient cell could far exceed antibody-pilus affinity and successfully compete with the antibodies. similar findings have been obtained with the pED208 system (E. A. Worobec, personal communication).
These MCAs should provide a useful tool for studying the processing of propilin to mature pilin, since JEL 92 is capable of detecting pilin subunits with or without the acetylated amino terminus and JEL 93 can detect the difference between acetylated and unacetylated pilin.
